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Abstract—A collaborative team from the two
laboratories measured the performance of a
Tevatron interaction region (IR) quadrupole at

temperatures from 1.8 K to 4.4 K. These studies
included measurement of their performance as a
function of temperature as well as measurement of

the effectiveness of the protection heaters. Heater
diffusion times were  measured for various
temperatures, current levels, and power densities.
These results and their implications on the design
of magnet protection systems and magnet design
operating in this temperature range will be
discussed.

I. INTRODUCTION

The IR or Low B quadrupole (LBQ) magnets have operated
successfully in the TEVATRON interaction regions for many
years. The required operating field gradient of 141 T/m at
4.7 K is generated with a sufficient critical current margin for
reliable operation. In the original design of the low B
insertion lattice these magnets were to be operated in
superfluid at field gradients in excess of 200 T/m.
Calculations based on the short sample limit for the
superconductor used in these magnets indeed predict a field
gradient greater than 200 T/m at 1.8 K [1].

A program to study the performance of these LBQ magnets
in superfluid has been revived because of the requirements of
the LHC for'a high gradient insertion quadrupoles in
superfluid, as well as the interest in future Tevatron IR
upgrades. The main goals of these tests were to study the
magnet mechanical behavior at high currents/fields and its
effect on the magnet quench performance and heater
performance in superfluid helium. The results of studying of
the LBQ quench performance are presented elsewhere [2].

One of the critical parameters for accelerator operation of
these quads in superfluid was an understanding of the
effectiveness of the quench protection heaters and their
characteristics in normal and superfluid environments. There
have been studies [3,4,5] on the operation of protection
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heaters, but very few contained their superfluid characteristics
[6,71. The results of studying the protection heater
performance in normal and superfluid helium are presented
in this paper. These data will be compared with the previous
LBQ healer tests and from the CERN LHC magnet group.

II. MAGNET DESCRIPTION

The magnet used for this study (LBQ5425)isa 1.4 m long
Tevatron low B quadrupole coldmass, built as a spare for the
Tevatron insertion regions. Details of the design of these
LBQ magnets have been described elsewhere [8]. This cold
iron superconducting quadrupole has a 2-shell, cos28 coil
with a 76 mm aperture and an outer cold mass diameter of
276 mm. The inner and outer coils are made from 36 strand
Rutherford cable. The strands are 0.528 mm in diameter and
contain 13 pm filaments. There are two copper wedges
whose primary purpose is to minimize the 12-and 20-pole
harmonics. The coils are supported in the body by aluminumn
collars. The inner to outer coil splices are located on the
magnet lead end radially beyond the outer coil. These splices
along with the coil lead and return ends are clamped with a 4
piece G-10 collet assembly enclosed in a tapered cylindrical
can, Iron yoke laminations surround the end region of the
cylindrical can. A welded stainless steel skin surrounds the
yoke.

The quench protection heaters consist of 25 pm thick 125
mm wide stainless steel strips. As shown in Fig. 1, the
heaters are located radially beyond the outer coil, in the middle
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Fig. 1. LBQ coil cross section showing location of protection
heater and Kapton insulation.



of four layers of 125 pum Kapton sheets. One heater covers
approximately 12 turns of two midplane-adjacent outer coils.
This is accomplished by running the heaters longitudinally
along the body of the magnet and making appropriate folds in
the heater in the magnet return end region. Two heaters
oriented 180 degrees apart provide coverage for one side of
each of the four outer coils.

Quench detection and characterization are possible through
voltage taps across each quadrant (inner-outer coil pair).
Voltage taps were also spliced to the heater power leads as
close to the heaters as possible.

IIT. EXPERIMENTAL PROCEDURE

This magnet was tested at the LBNL magnet.test facility in
a horizontally oriented liquid helium dewar. The facility can
provide superfluid helium as well as normal helium at 1.1
atm. The energy for the heaters was supplied from a heater
firing unit (HFU) with a maximum capacitance of 40 mIF and
maximum voltage 350 V. For these tests the two protection
heaters, each with resistance of 4.8 €, were connected in
parallel. The total lead resistance was 0.5 €2, giving a total
system resistance for 2.9 2. The HFU capacitance was set to
13.8 mF giving a calculated heater/capacitor “RC" time
constant of 38.5 ms. The actual time constant was measured
to be 40 ms. This RC value was maintained throughout the
studies presented in this paper.

During the quench part of the test, the heaters were used to
protect the magnet from overheating, by distributing its
stored energy over the outer layer windings. This energy
distribution prevents the magnet from developing a “hot spot”
at the origin of a spontaneous quench. Prior to quench
studies at 4.3K and 1.8K, the minimum amount of HFU
voltage required to protect the magnet was determined. This
level was defined to be the HFU voltage required to quench
the magnet at 1500A, an excitation current where the magnet
has been shown to be self-protected against a quench. Note
that for 1.8K operation, 1500A was also the lowest excitation
current for which the HFU was able to initiate a quench.

Magnet quenches were first measured at 4.3K, with checks
on the standard set of parameters, i.e. quench current versus
history, ramp rate, and the current predicted by the short
sample critical current characteristics. The cryostat and
refrigerator had a few difficulties, these were resolved after the
normal 4.3K data was taken. Subsequently the magnet and
cryostat were cooled to an operating temperature around 1.8K.

The anomalous bebavior of the magnet in superfluid
prevented the determination of a complete set of quench
characteristics. To summarize the superfluid quench history,
after a moderate training cycle (3 quenches) which produced a
quench current of 6880 A and a comresponding field gradient
near 200 T/m, there was a sizable reduction in quench current
(4935A), reaching a plateau slightly below the 4.3K quench
plateau. The origin of these lower current quench is difficult
to determine due to the paucity of instrumentation on this

production quadrupole. The magnet was then warmed to
43K, quenched at 4.3K and then returned to superfluid
temperatures where it reached a quench current of 6850A,
which is within 100A of the previous level. With this higher
superfluid quench level re-established, the heater studies in
this magnet were performed at 4.3K and 1.8K.

Because of the unpredictable quench performance in
superfluid, and the aforementioned power limitation of the
HFU, we limited the quench studics to magnet excitation
currents between 1500A and 4300A.

IV. RESULTS AND DISCUSSION

The protection heater study measured the minimum energy
required to initiate a quench as well as the dependence of the
time delay from protection heater current initiation to the
presence of a detectable quench voltage in the outer coils, on
various heater, heater power supply, and magnet parameters.
Minimum heater voltage (or minimum energy) necessary to
quench the coil vs. magnet operating current normalized to
the magnet critical current is presented in Fig. 2. The points
corresponding I/Ic equal to 0.21 and 0.61 were measured at
1500 A and 4300 A at 1.9 K. Two other points, I/Ic equals to
0.29 and 0.84 were measured at the above currents at 4.3 K.

The minimum heater voltage (or minimum energy)
decreases by a factor of 2-2.5 as the operating cument
approaches the magnet critical current. Measured data are in
a good agreement with the theoretical prediction based on the
specific heat and critical temperature margin of the conductor.

The delay between the initiation of the heater current pulse
and the appearance of the detectable resistance in the outer
coil (quench delay time) as a function of a normalized magnet
current is shown in Fig. 3.
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Fig. 2. Minimum heater voltage vs. magnet current normalized
to the critical current. The data points represent measured values,
the superimposed curve represents the theoretical prediction.
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Fig. 3. Quench delay time vs. normalized magnet current for
heater power density (W1) 22 W/em?, (W2) 40 W/em®.

As is seen, quench delay time is sensitive to the value of
the magnet operating current. For the lower power density
data (W1) it is decreased by a factor of 6 as the operating
current approaches the magnet critical current. With increased
power density (W2), the time delay decreases, and the time
delay dependence on operating current becomes less
significant. These data are in a good agreement (20% below)
with the results of measurements and calculations of the
heater time delay as a function of operating current normalized
to the magnet critical current at 4.3 K for the SSC magnets,
- presented in [9].

Quench delay time is graphed as a function of the peak
surface power density of the heater in Fig. 4. The quench
delay time is graphed as a function of the calculated
maximum adiabatic heater temperature in Fig. 5. These data
are presented parametrically at two different currents and two
different bath temperatures.
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Fig. 4. Quench delay time after heater firing vs. peak heater
surface power density.
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Fig. 5. Quench delay time after heater firing vs. maximum
adiabatic heater temperature.

The data, presented in Fig. 4 for 4300A at 4.3 K, are in
good agreement with those of earlier IR quadrupole prototypes
in this series of magnets presented in [8].

As is seen from the Figs. 4 and 5, at low currents, the
quench delay time is very sensitive to the peak heater power
(heater temperature). When the operating current is close to
the magnet critical current, the quench delay time became
practically independent of the peak heater power (heater
temperature). The peak heater power >30 W/cm? is required
for the magnet quench at I/Ic~0.1.

The delay time between the initiation of the heater cument
pulse and the appearance of the detectable resistance in the
outer winding as a function of bath temperature at peak heater
surface power between 30 to 40 W/cm? and magnet excitation
current I=4300 A is shown in Fig. 6.

There is a wide variation in coil response among the four
coils at 4.3K with nearly a factor of two difference in delay
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Fig. 6. Quench delay time after heater firing vs. bath
temperature at I =4300a.. Q1-Q4 represent the four coil quadrants.



times. The difference becomes even more pronounced with
decreasing temperature.

The differences in normal helium are likely due to coil-coil
variation in critical current and uncertainties in the heater
placement. As shown in Fig. 4, the delay time grows larger
as I/lc is decreased. For a fixed excitation current, the coil
with the larger Ic should have a larger time delay. Similarly,
the effectiveness of the heater to initiate a quench depends on
the which turns are closest to the heater, since the field and
hence critical current varies from turn to turn.

For these power levels (30-40 W/cm?) there is very little
difference between normal and superfluid response to the
heaters. The slight increase in the quench delay time at the
lambda point could indicate the penctration of superfluid
helium inside the coils and between the coils and heaters.
Variations in the heater delay in superfluid could be attributed
to difference in the amount of trapped helium volume due to
variations in coil sizes and insulation variations.

Finally, these data can be compared to results of LHC
dipoles in superfluid. The dipole has 300 pm of insulation
composed of 162.5 pm of Kapton, the balance is fiberglass
and pre-preg, while the quadrupole has 275 pm of Kapton
plus 12.5 microns of B-stage epoxy only. The CERN
magnet group's data when compared to the LBQ5425 at a
current of 4.3 KA (1.8 K) using a peak heater power of 26 -
30 W/cm? are resulting in comparable delays [7]. The CERN
data indicate time delays of 34 to 42 ms for the high field
heater and 49 to 55 ms for the intermediate field heater as
compared to 46 ms for the heater in LBQ5425.

V. CONCLUSIONS

It is possible to protect magnets with the aforementioned
levels of heater power and geomeltries, which require the L/R
decay times in the 100 to 200 ms decay range. If the magnet
operation requires a fast heater response, improvements could
be made by changing the heater location and geometry (in
order to switch more of the turns) reduce the
insulation(Kapton) thickness between the windings and
heater, and possibly increase the peak surface power density
for the protection heater,

The variation in coil-coil heater response in both normal
and superfluid as well as possible protection heater
improvements are presently being investigated on recently
constructed LBQ magnets.
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